Two-dimensional (2D) materials attracted widespread interest as unique and novel properties different from their bulk crystals, providing great potential for semiconductor devices and applications. Recently, the family of 2D materials has been expanded including but not limited to graphene, hexagonal boron nitride (h-BN), transition metal carbides (TMCs), and transition metal dichalcogenides (TMDCs). Metal-catalyzed chemical vapor deposition (CVD) is an effective method to achieve precise synthesis of these 2D materials. In this review, we focus on designing various binary alloys to realize controllable synthesis of multiple CVD-grown 2D materials and their heterostructures for both fundamental research and practical applications. Further investigations indicated that the design of the catalytic substrate is an important issue, which determines the morphology, domain size, thickness and quality of 2D materials and their heterostructures. such as Cu [16, 17] , Ni [18], Pt [19], Ru [20], etc. with various catalytic properties and different solubility of specific atoms have been extensively studied to obtain uniform, large-area and high quality 2D materials. In previous reports, surface-limited growth process induced monolayer graphene on Au [21], Pt [19] , and Cu [16, 17] due to the negligible solubility of reaction atoms. Multilayer graphene films were obtained on Fe [22], Co [23], and Ni [18] because of the cooling induced precipitation of dissolved atoms in these transition metals. However, the catalytic growth of wafer scale single crystalline 2D materials and scalable construction of complex heterostructures with designed spatial modulation on single component metal are still challenging. Thus, by rationally designing the composition, proportion and crystal orientation of binary alloys, various metals with different catalytic properties could be combined to develop a facile and controllable strategy to achieve the scalable CVD fabrication. In this review, we highlight the recent progress on the investigations of designing binary alloys for controlled growth of single crystal 2D materials and their heterostructures. We also study the roles of each catalytic component during the growth process through various surface analytic characterizations. In general, the present strategy can be extended to any well-defined alloys, which will greatly facilitate the controllable construction of various 2D heterostructures for practical applications.
Introduction
Since graphene was first successfully prepared by mechanical exfoliation from graphite [1] , two-dimensional (2D) materials have attracted extensive attention due to their unique structural and physical properties [2] [3] [4] . The extensive family of 2D materials, including conductors [5, 6] , semiconductors with various bandgaps [7, 8] and insulators [9, 10] , exhibited extraordinary electronical and optical performance in contrast to their bulk counterparts. For semiconductor applications, van der Waals heterostructures constructed from stacking of various 2D materials have been assembled, utilizing different properties of individual 2D crystals to create new physical characteristics and unique functionalities [11] [12] [13] . In order to realize the heterogeneous integration at the atomic scale, controllable synthesis of 2D materials and heterostructures is of great importance for both fundamental researches and technological applications. Over the past decade, chemical vapor deposition (CVD) has achieved a huge success for several well-known 2D materials, which have been developed extensively for large-scale practical applications [14] . In particular, catalytic substrate engineering plays a significant role in the CVD process for controlling the domain size, thickness, morphology, and surface quality of various 2D materials [15] .
During the synthesis process of 2D materials, metal acts as a promising catalyst, an epitaxial substrate, and sometimes a dissolution source of the reaction atoms. In previous reports, metal substrates from the center (Figure 1e ). The authors investigated the growth rate of graphene domain on the Cu-Ni alloy with different compositions. Much higher growth rate would be realized with increasing Ni content due to the abundant active carbon atoms dissolved in Cu 85 Ni 15 alloy. However, for Ni content approaching or higher than the percolation threshold, carbon atoms tend to diffuse into the depth of alloy, which induced a decreased growth rate (Figure 1f ). This work realized the fast growth of~1.5-inch single crystalline graphene in 2.5 h (Figure 1g ). of graphene domain on the Cu-Ni alloy with different compositions. Much higher growth rate would be realized with increasing Ni content due to the abundant active carbon atoms dissolved in Cu85Ni15 alloy. However, for Ni content approaching or higher than the percolation threshold, carbon atoms tend to diffuse into the depth of alloy, which induced a decreased growth rate (Figure 1f ). This work realized the fast growth of ~1.5-inch single crystalline graphene in 2.5 h (Figure 1g ). [30] ; (c) schematic illustration of evolutionary selection during the advancing local control chemical vapor deposition process for the growth of graphene grains; (d) optical image of the foot-long single crystal graphene film [31] ; (e) secondary ion mass spectrometry (SIMS) line scan profiles of the carbon concentration on the catalyst surface below the nozzle. The inset illustrates local feeding of a carbon precursor from a nozzle placed; (f) comparison of graphene growth rates on different Cu-Ni alloy substrates at the growth temperature of 1050 °C. The error bars represent the standard error of the size of single-crystal graphene associated with ~30 experiments; (g) typical image of the graphene domain evolution from a single nucleus [32] .
Moreover, Cu-Ni alloy could control the solubility of carbon by adjusting the concentration of Ni in the alloy. The controllable growth of graphene with high uniformity and different layers has been achieved. Takesaki et al. demonstrated the synthesis of uniform bilayer graphene with coverage up to 93% on Cu-Ni (111) films ( Figure 2a ) [33] . The optical image and bright-field (BF) low energy electron microscopy (LEEM) image showed uniform contrast in the whole view area, indicating the realization of large scale and uniform bilayer graphene (Figure 2b ,c). Meanwhile, in the inset of Figure  2c , only one set of hexagonal diffraction spots was observed, indicating the existence of AB stacking. In addition, Chen et al. reported the synthesis of multilayer graphene on Cu-Ni foil [34] . The thickness and quality of the graphene films could be controlled by modulating the deposition temperature and cooling rate. Raman spectra combined with AFM height images and profiles provided strong evidence that the thickness of the prepared graphene covered from single layer to around 19 nm (Figure 2d -h). In conclusion, Cu-Ni alloys provide a highly catalytic and smooth-faced substrate with controllable carbon solubility, which enables the scalable preparation and further application of large-area and high-quality graphene. [30] ; (c) schematic illustration of evolutionary selection during the advancing local control chemical vapor deposition process for the growth of graphene grains; (d) optical image of the foot-long single crystal graphene film [31] ; (e) secondary ion mass spectrometry (SIMS) line scan profiles of the carbon concentration on the catalyst surface below the nozzle. The inset illustrates local feeding of a carbon precursor from a nozzle placed; (f) comparison of graphene growth rates on different Cu-Ni alloy substrates at the growth temperature of 1050 • C. The error bars represent the standard error of the size of single-crystal graphene associated with~30 experiments; (g) typical image of the graphene domain evolution from a single nucleus [32] .
Moreover, Cu-Ni alloy could control the solubility of carbon by adjusting the concentration of Ni in the alloy. The controllable growth of graphene with high uniformity and different layers has been achieved. Takesaki et al. demonstrated the synthesis of uniform bilayer graphene with coverage up to 93% on Cu-Ni (111) films ( Figure 2a ) [33] . The optical image and bright-field (BF) low energy electron microscopy (LEEM) image showed uniform contrast in the whole view area, indicating the realization of large scale and uniform bilayer graphene (Figure 2b ,c). Meanwhile, in the inset of Figure 2c , only one set of hexagonal diffraction spots was observed, indicating the existence of AB stacking. In addition, Chen et al. reported the synthesis of multilayer graphene on Cu-Ni foil [34] . The thickness and quality of the graphene films could be controlled by modulating the deposition temperature and cooling rate. Raman spectra combined with AFM height images and profiles provided strong evidence that the thickness of the prepared graphene covered from single layer to around 19 nm (Figure 2d -h).
In conclusion, Cu-Ni alloys provide a highly catalytic and smooth-faced substrate with controllable carbon solubility, which enables the scalable preparation and further application of large-area and high-quality graphene. 
Synthesis of h-BN on Binary Alloy
Similar to graphene growth, synthesis of h-BN on metals via CVD is also a heterogeneous catalytic chemical reaction process. By designing the composition and proportion of binary alloy, controllability of layer thickness, domain size, and even morphology of h-BN has been realized.
Recently, Lu et al. demonstrated that Cu-Ni alloy was also a good candidate for growing largearea h-BN single crystals via the low pressure CVD (LPCVD) process ( Figure 3a ) [35] . It was illustrated that appropriate proportion of Ni could enhance the decomposition of by products such as poly-aminoborane. This strategy enabled nucleation density down to 60 per mm 2 and h-BN grains size up to 7500 μm 2 (Figure 3b ). In addition, Li et al. introduced the innovative Cu-Si alloy as a catalytic substrate [36] . The Cu-Si alloy exhibited face-center cubic (FCC) structure at the growth temperature of 1030 °C, which was proved by the binary alloy phase diagram ( Figure 3c ). The presence of Si (≈2.8 at%) in such alloy could change the growth mechanism from edge-limited growth to diffusion-limited regime, leading to distinctive tree pattern morphologies and large domain size ( Figure 3d ). Furthermore, the strategy of incorporating proper concentration of Si into metal catalyst has been extended to the synthesis of single crystal h-BN on Si-doped Fe (Figure 3e ). Caneva et al. revealed that, compared to Cu, an intermediate ratio of B and N atoms appeared to be maintained in the Fe catalyst [37] . The Si admixture could promote the catalytic dissociation of borazine and the growth rate of h-BN, which induced exclusive nucleation and growth of monolayer h-BN with lateral dimensions of ~0.3 mm (shown in Figure 3f ) as well as continuous h-BN monolayer films with domain sizes larger than 25 μm. 
Recently, Lu et al. demonstrated that Cu-Ni alloy was also a good candidate for growing large-area h-BN single crystals via the low pressure CVD (LPCVD) process ( Figure 3a ) [35] . It was illustrated that appropriate proportion of Ni could enhance the decomposition of by products such as poly-aminoborane. This strategy enabled nucleation density down to 60 per mm 2 and h-BN grains size up to 7500 µm 2 (Figure 3b ). In addition, Li et al. introduced the innovative Cu-Si alloy as a catalytic substrate [36] . The Cu-Si alloy exhibited face-center cubic (FCC) structure at the growth temperature of 1030 • C, which was proved by the binary alloy phase diagram ( Figure 3c ). The presence of Si (≈2.8 at%) in such alloy could change the growth mechanism from edge-limited growth to diffusion-limited regime, leading to distinctive tree pattern morphologies and large domain size ( Figure 3d ). Furthermore, the strategy of incorporating proper concentration of Si into metal catalyst has been extended to the synthesis of single crystal h-BN on Si-doped Fe (Figure 3e ). Caneva et al. revealed that, compared to Cu, an intermediate ratio of B and N atoms appeared to be maintained in the Fe catalyst [37] . The Si admixture could promote the catalytic dissociation of borazine and the growth rate of h-BN, which induced exclusive nucleation and growth of monolayer h-BN with lateral dimensions of~0.3 mm (shown in Figure 3f Meanwhile, synthesis of multilayer h-BN films with specific thickness and large-area uniformity is in general highly desired for practical device applications. Previously, Uchida et al. succeeded in the preparation of large area multilayer h-BN on Ni-Fe film ( Figure 3g ) [38] . It was found that Fe was a potential substrate to form multilayer h-BN due to its relative high solubilities of both B and N atoms. The Ni phase in Fe films could stabilize the FCC structure and control the solubilities of B and N atoms, which promoted the uniform segregation of multilayer h-BN. The cross-sectional TEM of as-grown thin films on alloy showed high uniformity of h-BN layers with thickness of 2-5 nm ( Figure  3h ). Recently, Shi et al. developed a new method to synthesize multilayer h-BN by using Fe-B alloy and N2 as reactants ( Figure 3i ) [39] . The growth procedure broke the traditional self-limited growth mechanism on catalytic metal substrates and successfully obtained large scale multilayer h-BN films. As shown in Figure 3j , the SEM and AFM image exhibited a uniform and thickness controllable multilayer h-BN on the Fe2B substrate. The HRTEM image displayed the lattice fringe and a welldefined layer structure of h-BN multilayers (Figure 3k ,l). Corresponding selected area electron diffraction (SAED) presented one set of hexagonally arranged spots, indicating the highly oriented alignment of multilayer h-BN films. In conclusion, a precise design of alloy catalyst will provide a promising strategy for the mass production of h-BN.
Other 2D Materials Grown on Binary Alloy
The exploration and synthesis of other novel 2D materials have expanded to new areas of research owing to their fascinating physical properties and potential applications. Among them, 2D binary compounds termed MXn, where M is typically a transition metal and X is a non-metal from main groups IV, V, or VI, were found to be suitable candidates for semiconductor-based electronics and optoelectronics applications [40] [41] [42] . In this regard, the vapor phase-based growth approaches provide a scalable and controllable way to grow high quality and large area 2D MXn on binary alloys. (Figure 3g ) [38] . It was found that Fe was a potential substrate to form multilayer h-BN due to its relative high solubilities of both B and N atoms. The Ni phase in Fe films could stabilize the FCC structure and control the solubilities of B and N atoms, which promoted the uniform segregation of multilayer h-BN. The cross-sectional TEM of as-grown thin films on alloy showed high uniformity of h-BN layers with thickness of 2-5 nm (Figure 3h ). Recently, Shi et al. developed a new method to synthesize multilayer h-BN by using Fe-B alloy and N 2 as reactants ( Figure 3i ) [39] . The growth procedure broke the traditional self-limited growth mechanism on catalytic metal substrates and successfully obtained large scale multilayer h-BN films. As shown in Figure 3j , the SEM and AFM image exhibited a uniform and thickness controllable multilayer h-BN on the Fe 2 B substrate. The HRTEM image displayed the lattice fringe and a well-defined layer structure of h-BN multilayers (Figure 3k,l) . Corresponding selected area electron diffraction (SAED) presented one set of hexagonally arranged spots, indicating the highly oriented alignment of multilayer h-BN films. In conclusion, a precise design of alloy catalyst will provide a promising strategy for the mass production of h-BN.
The exploration and synthesis of other novel 2D materials have expanded to new areas of research owing to their fascinating physical properties and potential applications. Among them, 2D binary compounds termed MX n , where M is typically a transition metal and X is a non-metal from main groups IV, V, or VI, were found to be suitable candidates for semiconductor-based electronics and optoelectronics applications [40] [41] [42] . In this regard, the vapor phase-based growth approaches provide a scalable and controllable way to grow high quality and large area 2D MX n on binary alloys.
Recently, Xu et al. developed a Cu-Mo alloy as the catalytic substrate to grow high-quality 2D ultrathin α-Mo 2 C crystals with a uniform thickness of~3 nm [43] . Some Mo atoms diffused to the surface of the liquid Cu to form Mo 2 C crystals by reacting with the carbon atoms from the decomposition of methane (Figure 4a ). As shown in Figure 4b , the ultrathin α-Mo 2 C sheets exhibited different but all regular shapes, suggesting that the crystals were well-defined. From the BF scanning transmission electron microscopy (STEM) image (Figure 4c ), a highly-ordered orthorhombic structure formed by C and Mo atoms was clearly observed, which indicated the high quality of ultrathin α-Mo 2 C crystals. By increasing the concentration of methane, Geng et al. first assembled graphene domains on the surface of liquid Cu-Mo alloy, which was exhibited to be an important role in controlling the shape of Mo 2 C crystals [44] . Thus, large-scale Mo 2 C crystals with high uniformity and regular edges have been obtained on graphene films. In addition, Wang et al. demonstrated that this method was also applicable to the growth of various 2D Ta-compounds [45] . The synthesis of ultrathin TaC, TaN, and TaB crystals with the thickness of 8, 5, and 15 nm, respectively, was realized on the Cu-Ta alloy. Recently, Xu et al. developed a Cu-Mo alloy as the catalytic substrate to grow high-quality 2D ultrathin α-Mo2C crystals with a uniform thickness of ~3 nm [43] . Some Mo atoms diffused to the surface of the liquid Cu to form Mo2C crystals by reacting with the carbon atoms from the decomposition of methane (Figure 4a ). As shown in Figure 4b , the ultrathin α-Mo2C sheets exhibited different but all regular shapes, suggesting that the crystals were well-defined. From the BF scanning transmission electron microscopy (STEM) image (Figure 4c ), a highly-ordered orthorhombic structure formed by C and Mo atoms was clearly observed, which indicated the high quality of ultrathin α-Mo2C crystals. By increasing the concentration of methane, Geng et al. first assembled graphene domains on the surface of liquid Cu-Mo alloy, which was exhibited to be an important role in controlling the shape of Mo2C crystals [44] . Thus, large-scale Mo2C crystals with high uniformity and regular edges have been obtained on graphene films. In addition, Wang et al. demonstrated that this method was also applicable to the growth of various 2D Ta-compounds [45] . The synthesis of ultrathin TaC, TaN, and TaB crystals with the thickness of 8, 5, and 15 nm, respectively, was realized on the Cu-Ta alloy. (Figure 4d ) [47] . They arranged alloying process of metal M and gold, forming a single-phase Au-M alloy, which had limited solubilities of the X elements mentioned above. During the synthesis process subsequently, the Au-M alloy was exposed to a vapor-phase precursor containing X, then epitaxial oriented few-atom thick layers of MXn binary compounds could form on the solid-gas interface. In this work, individual MoS2 domains were first synthesized as a benchmark, which displayed typical triangular morphology (Figure 4e ). The well epitaxial alignment on the alloy substrate was confirmed by low energy electron diffraction (LEED) ( Figure  4f ). In addition, more than 20 other binary compounds including tellurides, selenides, and nitrides were synthesized, confirming the feasibility and universality of this method. A similar synthesis approach has been achieved by Song et al. [48] . Large-scale and patterned MoS2 atomic layers have been acquired on an Au-Mo alloy, which was prepared by the reaction of Au thin film and Mo(CO)6 followed by the reaction with H2S. The height of MoS2 layers transferred onto a SiO2/Si substrate was (Figure 4d ) [47] . They arranged alloying process of metal M and gold, forming a single-phase Au-M alloy, which had limited solubilities of the X elements mentioned above. During the synthesis process subsequently, the Au-M alloy was exposed to a vapor-phase precursor containing X, then epitaxial oriented few-atom thick layers of MX n binary compounds could form on the solid-gas interface. In this work, individual MoS 2 domains were first synthesized as a benchmark, which displayed typical triangular morphology (Figure 4e ). The well epitaxial alignment on the alloy substrate was confirmed by low energy electron diffraction (LEED) (Figure 4f ). In addition, more than 20 other binary compounds including tellurides, selenides, and nitrides were synthesized, confirming the feasibility and universality of this method. A similar synthesis approach has been achieved by Song et al. [48] . Large-scale and patterned MoS 2 atomic layers have been acquired on an Au-Mo alloy, which was prepared by the reaction of Au thin film and Mo(CO) 6 followed by the reaction with H 2 S. The height of MoS 2 layers transferred onto a SiO 2 /Si substrate was 1.66 nm, which was consistent with the height of two or three layers of MoS 2 (Figure 4g ). In addition, a Fourier-filtered HRTEM image displayed an ordered hexagonal symmetry of dots, indicating the crystal structure of MoS 2 (Figure 4h ).
Graphene-like 2D mono-element materials, such as silicene and germanene, are also important members of the 2D family. Binary alloy could also be a great candidate for their synthesis. Silicene has been found to exist in epitaxial forms on ZrB 2 (0001) [49, 50] and ZrC (111) [51] . Meanwhile, binary alloys here were chosen to stabilize silicene films due to their non-negligible interactions, rather than their catalytic performance during the synthesis process. Recently, Bampoulis et al. reported the fabrication of germanene on Ge 2 Pt alloy [52] . The Pt layers were first deposited on Ge (110), and surface alloy nanocrystals composed of Ge 2 Pt were formed subsequently on the Ge substrate by annealing. Germanene was found to be synthesized as the outermost layer of Ge 2 Pt nanocrystals. Overall, reasonable selection and design of binary alloy as not only the catalyst, but also an ideal substrate will provide a promising strategy for the synthesis and structural regulation of 2D materials beyond graphene.
2D Heterostructures Assembled on a Binary Alloy
Assembling two-dimensional materials into van der Waals heterostructures is an effective way to expand the crystal structures, physical properties and potential applications for 2D devices [12, [53] [54] [55] . New 2D heterostructures not only overcome the inherent limitations of individual 2D materials, but also provide unique platforms to create novel properties by their proper combination. The construction of such heterostructures was usually synthesized by the following methods: (i) Layer-by-layer transfer of exfoliated 2D layers [56] ; (ii) Heterogeneous stacking of CVD grown 2D materials with mechanically exfoliated 2D materials [57, 58] ; and (iii) Sequential growth of two-dimensional materials by introducing different gas phase precursors [59] [60] [61] . As a bottom-up strategy, a transfer free CVD approach realized the sequential growth or lateral coherence of monolayers with an ultra clean interface, which was considered as an ideal technique for synthesis of both vertical and in-plane van der Waals heterostructures [62] [63] [64] .
Graphene/hexagonal boron nitride (denoted as Gr/h-BN) is the most common layered 2D heterostructures. Similar atomic arrangements and lattice constants allow precision stitching of graphene and h-BN. The completely different electronic properties make their heterostructures have many unique transport properties. Through sequential CVD growth of h-BN and graphene single-crystals, Lu et al. successfully fabricated large-area Gr/h-BN in-plane heterostructure on Cu-Ni alloy (Figure 5a ) [65] . During the synthesis procedure, graphene nucleated at the corners of the as-grown h-BN grains and grown along the lattice orientation of h-BN. As shown in Figure 5b , well-assembled Gr/h-BN in-plane heterostructure was successfully synthesized on Cu-Ni substrate. In addition, auger electron spectroscopy (AES) spectra, displayed in Figure 5c , was utilized to confirm the spatial distribution of specific elements in such heterostructure. Subsequently, the vertical heterostructure was further obtained underneath an Gr/h-BN in-plane heterostructure layer (Figure 5d ) [66] . The SEM image (Figure 5e ) and corresponding AES spectra (Figure 5f ) revealed that the graphene adlayers tended to nucleate and extend along the h-BN-Gr boundaries.
Gr/h-BN in-plane heterostructure was successfully synthesized on Cu-Ni substrate. In addition, auger electron spectroscopy (AES) spectra, displayed in Figure 5c , was utilized to confirm the spatial distribution of specific elements in such heterostructure. Subsequently, the vertical heterostructure was further obtained underneath an Gr/h-BN in-plane heterostructure layer (Figure 5d ) [66] . The SEM image (Figure 5e ) and corresponding AES spectra (Figure 5f ) revealed that the graphene adlayers tended to nucleate and extend along the h-BN-Gr boundaries. Moreover, the rational stacking of transition metal dichalcogenides (TMDCs) has attracted significant attention as it tends to expand pristine properties of individual TMDC crystals [67] [68] [69] . Zhang et al. utilized Au foil and binary W-Re alloy foil as the substrate and precursors [69] . As displayed in Figure 6a , by introducing H 2 S, twinned growth of ReS 2 /WS 2 vertically stacked heterostructures was realized. The SEM image in Figure 6b showed that a high yield of uniform larger-area vertically stacked ReS 2 /WS 2 crystals with the domain size of 600 µm 2 were obtained by a direct CVD approach. Fast Fourier transform (FFT) patterns exhibited in Figure 6c revealed that the two hexagonal reciprocal lattices representing ReS 2 and WS 2 were rotated by φ = 5.6 • . The negligible mismatch of two constituent layers proved a very high quality of twinned heterostructure. Moreover, the rational stacking of transition metal dichalcogenides (TMDCs) has attracted significant attention as it tends to expand pristine properties of individual TMDC crystals [67] [68] [69] . Zhang et al. utilized Au foil and binary W-Re alloy foil as the substrate and precursors [69] . As displayed in Figure 6a , by introducing H2S, twinned growth of ReS2/WS2 vertically stacked heterostructures was realized. The SEM image in Figure 6b showed that a high yield of uniform larger-area vertically stacked ReS2/WS2 crystals with the domain size of 600 μm 2 were obtained by a direct CVD approach. Fast Fourier transform (FFT) patterns exhibited in Figure 6c revealed that the two hexagonal reciprocal lattices representing ReS2 and WS2 were rotated by ϕ = 5.6°. The negligible mismatch of two constituent layers proved a very high quality of twinned heterostructure. Furthermore, improved electrical performance could be realized when stacking TMDC materials were directly grown on h-BN substrate. Therefore, the fabrication of TMDCs/h-BN heterostructures by a CVD technique attracted extensive research [64, [70] [71] [72] . However, a great challenge for heterostructure synthesis attributed to the sulfide reaction of the metal substrate, which resulted in the decomposition of the pre-grown TMDCs/h-BN heterostructures. To address this problem, Fu et al. constructed a Ni-Ga alloy with excellent sulfide-resistance and high catalytic activity, and successfully achieved CVD growth of MoS 2 /h-BN heterostructures (Figure 6d ) [70] . It was worth mentioning that the Mo foil beneath the Ni-Ga alloy also served as the precursor for MoS 2 growth. Through that, single-crystal MoS 2 was grown directly on h-BN substrates with grain sizes up to 200 µm 2 (Figure 6e ), which was also proved by TEM and SAED measurements (Figure 6f ). In addition, the decomposition energy of h-BN on Ni-Ga was proved to be 3.9 eV, which was higher than that on Ni by DFT calculation. It indicated that the component of Ga in the alloy improved the stability of h-BN adsorbed on the surface.
Conclusions
In summary, we review the recent progress in the rational design of binary alloys for controllable synthesis of two-dimensional materials and their heterostructures. The selected catalytic binary alloy and various 2D materials are summarized in Table 1 . In general, the functions of binary alloys could be described as follows: (i) the metal or non-metallic elements were deposited on the catalytic metal substrate, assisting to enhance its catalytic activity or adjust its crystal structure; (ii) the solubility of the desired atoms in catalytic metal could be regulated by introducing another metal with lower solubility, which could control the nucleation density and layers of CVD grown 2D materials; (iii) the active atoms on surface of substrate diffused through another up layer of catalytic films, and reacted with gaseous precursors by vapor-solid reactions. By suitable design of the catalytic binary alloys, the presented approach will show great potential for high-quality and controllable fabrication of 2D heterostructures with a well-defined distribution, which is highly significant for future applications in electronics and optoelectronics. Author Contributions: Conceptualization, T.W. and Z.S.; writing-original draft preparation, H.Z., C.Z., X.Z., and Z.S.; writing-review and editing, H.Z., Z.S., T.W., and G.Y.; supervision, T.W.; project administration, Z.S. and T.W.; funding acquisition, T.W. All authors have read and agreed to the published version of the manuscript. 
Conflicts of Interest:
The authors declare no conflict of interest. 
Abbreviations

